Ecophysiological differences of betaproteobacterial populations in two hydrochemically distinct compartments of a subtropical lagoon
Introduction
Microbial abundances and activities in aquatic systems change with strong gradients of abiotic or biotic parameters, e.g. across the chemo-or oxycline of meromictic lakes (Cole et al., 1993; Casamayor et al., 2002) , or along horizontal profiles of salinity (del Giorgio and Bouvier, 2002; Hewson and Fuhrman, 2004) , turbidity (Selje and Simon, 2003) , dissolved organic matter (Kirchman et al., 2004) or primary production (Gasol et al., 2002) . These shifts at the level of the total microbial assemblage are typically paralleled by changes in community structure (Simek et al., 2001a; Bouvier and del Giorgio, 2002; Gasol et al., 2002; Crump et al., 2004) .
The taxonomic successions at changing environmental conditions might in parts be a consequence of speciesspecific mortality rates (Guixa-Boixereu et al., 1999; Simek et al., 2001b) , but they are likely also related to the upregulation or downregulation of the growth rates of individual bacterial species. Such changes in growth rates currently cannot be directly determined in situ. However, sudden shifts in growth conditions (e.g. salinity or pH) likely affect various features of bacterial cell physiology (Booth, 1985; Ventosa et al., 1998) . A transition of microbial populations between different habitats thus probably induces an overall alteration of their physiological state. Some aspects of cell metabolism can be readily addressed in situ, e.g. DNA synthesis (Warnecke et al., 2005) , the functionality of the respiratory electron transport chain (Nielsen et al., 2003) , or the incorporation of particular substrates (Vila et al., 2004) . Ideally, various facets of microbial cell activity should be assessed simultaneously to reach a more synoptic conclusion about the growth state of populations. The combination of microautoradiography (MAR) and fluorescence in situ hybridization (FISH) allows for such a comparative assessment of various growth-related features at the single cell level, e.g. the sizes of subpopulations involved in DNA de novo synthesis (Cottrell and Kirchman, 2003) , biomass production (Alonso and Pernthaler, 2006a) , the degradation of macromolecules (Cottrell and Kirchman, 2000) , or of low molecular weight compounds (Alonso-Saez and Gasol, 2007) .
So far, most studies about the growth state of bacterioplankton populations at contrasting environmental characteristics have only distinguished between large phylogenetic entities (Cottrell and Kirchman, 2000; Hornak et al., 2006) . However, these groups often harbour various taxa that may display very different patterns of substrate uptake (Alonso and Pernthaler, 2006b; Alonso-Saez and Gasol, 2007) . Thus, ecophysiological investigations appear to be most meaningful if performed on phylogenetically narrow and physiologically coherent lineages of pelagic bacteria. In freshwaters, the Betaproteobacteria provide a good target for this purpose. Within this lineage there are several widely distributed groups, e.g. the Rhodoferax sp. BAL47/R-BT cluster (Simek et al., 2001b; Zwart et al., 2002) or the beta II/Polynucleobacter sp. clade (Glöckner et al., 2000; Hahn, 2003) . The former has been shown to consistently respond to food web manipulations in different lakes (Simek et al., 2005; Salcher et al., 2007) . Within the latter clade, two specieslike subpopulations have been identified that appear to differ in their preference for particular habitats (Hahn et al., 2005a; Wu and Hahn, 2006) .
We studied the sizes and substrate uptake patterns of three populations of freshwater Betaproteobacteria in a coastal subtropical lagoon (Laguna de Castillos, Uruguay, Fig. S1 ). This habitat is characterized by a natural separation between a humic freshwater and a turbid brackish water compartment (Pérez et al., 1999) . The two compartments are hydrologically tightly connected, thus providing the opportunity to assess the physiological plasticity within metapopulations that are divided by a strong environmental gradient. We specifically focused on the question if the preference patterns for different substrates are variable within these populations or if they are fixed irrespectively of environmental conditions.
Results

Differences between of sampling sites
The Chafalote compartment and the central area of the Castillos lagoon (Fig. S1 ) clearly differed in physicochemical characteristics (Table 1) . While Chafalote featured higher concentrations of reactive silicate and total nitrogen, higher values of total phosphorous were found in the main body of the lagoon. The chromophoric dissolved organic matter (CDOM) from Chafalote exhibited higher fluorescence and absorbance values, indicating higher concentrations of humic substances in this compartment. By contrast, water in the main lagoon compartment contained a considerably larger amount of suspended solids and organic matter (Table 1) .
Total microbial cell numbers and abundances of specific populations
The total abundances of prokaryotes (DAPI counts) were significantly higher in the main body of the lagoon (1.1 Ϯ 0.1 ¥ 10 7 cells ml
) than in the Chafalote (8.4 Ϯ 0.3 ¥ 10 6 cells ml -1 (Mann-Whitney U-test, n = 6, P < 0.05)). Betaproteobacteria accounted for 35 Ϯ 4.0% and 14 Ϯ 1.4% of total cells in the Chafalote and the main compartment of the lagoon respectively. All three studied betaproteobacterial lineages were significantly more abundant in the Chafalote compartment than in the main body of the Castillos lagoon (P < 0.05) and this difference was most pronounced for members of the PnecC clade (Fig. 1) . The sum of the three specific groups accounted for 40-50% of all Betaproteobacteria in both compartments.
Incorporation of radiolabelled substrates
Incorporation of all four radiotracers could be observed in both compartments of the lagoon, albeit at very different rates (Fig. 2) . Highest incorporation rates were observed for leucine and glucose in the Chafalote, whereas incorporation rates of N-acetylglucosamine (NAG) were low in both compartments. No pronounced differences of thymidine incorporation rates between sites were observed.
In general, the proportions of (DAPI-stained) cells that incorporated the offered tracers were rather low (Table 2) (average for all tracers, Chafalote, 7.9 Ϯ 3.3%; lagoon, 4.9 Ϯ 1.6%). In the Chafalote approximately three times more cells incorporated glucose and NAG than leucine, indicating that the high bulk uptake rates of this amino acid ( Fig. 2) was mainly due to a comparatively small but highly active population. Moreover, MAR-FISH revealed that most (> 80%) of these leucine-incorporating cells in the Chafalote were Betaproteobacteria (Table 2 ). By contrast, these bacteria only contributed to a small extent (< 10%) to cells with visible NAG uptake in both compartments ( Table 2 ). The MAR-positive fractions of Betaproteobacteria ranged between 1.7 Ϯ 0.6% for NAG and 10.1 Ϯ 2.0% for thymidine. The proportion of thymidine incorporating Betaproteobacteria cells was significantly higher in the Chafalote (P < 0.02), whereas the fractions of MAR-positive cells did not significantly differ between compartments for the other tracers.
Radiotracer incorporation by betaproteobacterial populations
Bacteria from the three betaproteobacterial clades were found to incorporate all four radiolabelled substrates (Fig. 3) . No substrate was unanimously preferred by all groups, and there were significant differences within groups in substrate preference between the compartments (P < 0.01). A larger proportion of cells from all three groups incorporated thymidine in the Chafalote than in the lagoon, but this was significant for populations PnecB and PnecC only. The highest proportion of thymidine incorporating cells was found in the PnecB cluster in both compartments. In general, the PnecB and PnecC bacteria appeared to be more active in the Chafalote than in the main body of the lagoon, as reflected by higher incorporation of three radiotracers (thymidine, leucine, glucose) by PnecB, and two (glucose, thymidine) by PnecC. By contrast, lower fractions of bacteria from the R-BT clade were observed to incorporate leucine in the Chafalote, whereas these bacteria significantly exceeded the other groups in uptake of both leucine and glucose in the main body of the lagoon. The differences in thymidine and glucose uptake of R-BT bacteria between compartments were not statistically significant. NAG was generally the least preferred substrate and the fractions of cells from the three studied lineages with visible incorporation of this tracer were low (< 10%). However, a significantly higher proportion of bacteria from the PnecC clade incorporated this tracer in the main body of the lagoon than in the Chafalote (P < 0.01).
The average proportion of MAR-positive cells (mean of all tracers) in the three betaproteobacterial lineages was generally higher than of the whole prokaryotic community (DAPI-stained cells) in both compartments (Table 2) . This was however, not the case for NAG. Moreover, the fractions of glucose-incorporating cells in both Polynucleobacter populations were distinctly below community average in the lagoon. PnecB appeared to be the most active population in the Chafalote, i.e. this population displayed the highest average ratio of active bacteria to all MAR-positive cells. By contrast, this ratio was highest in R-BT bacteria in the main body of the lagoon. Both groups were particularly above the community average for thymidine and leucine incorporation.
Contribution of populations to active Betaproteobacteria
In the Chafalote, the three subpopulations clearly represented the majority of all Betaproteobacteria with visible incorporation of thymidine, leucine or glucose (Fig. 4) , b-proteobacterial activity pattern in a coastal lagoon 3 whereas their contribution to betaproteobacterial cells with NAG uptake approximately corresponded to their summed fraction of total betaproteobacterial abundances (Figs 1 and 4, lower panel). In the main body of the lagoon, a smaller number of active Betaproteobacteria was affiliated with the three studied groups, and, e.g. MAR-positive cells of the PnecB, PnecC and R-BT clades together formed less than one third of Betaproteobacteria with visible thymidine incorporation. Moreover, the relative importance of the three lineages within all active Betaproteobacteria appeared to differ between the two compartments. For example, PnecC were approximately one quarter of thymidine-incorporating Betaproteobacteria in the Chafalote, but only 1% in the main body of the lagoon, and a similar trend was also observed for leucine and glucose. By contrast, the contribution of leucine incorporating R-BT bacteria to all Betaproteobacteria approximately doubled between the compartments. 
Changes of abundances and of active subpopulations
Figure 5 compares the changes in the population sizes of PnecB, PnecC and R-BT bacteria between the two compartments of the Castillos lagoon with the changes in their respective fractions of MAR-positive cells. Changes in abundances and activity most closely matched in R-BT bacteria. By contrast, PnecB exhibited substantially higher shifts in activity than in abundances, and the total cell numbers of population PnecC tended to differ more strongly between compartments that their active fractions. In all three groups, changes in the fraction of thymidine incorporating cells generally closely resembled changes in abundance, whereas this was not the case for the other radiotracers.
Changes during short-term incubations
The three studied populations exhibited contrasting responses to short-term (2 h) incubations both in numbers and in their respective fractions of substrate incorporating cells (Fig. S2) . Changes in total cell numbers of PnecB and R-BT were not significant, and a decrease in MAR-positive cells was observed in these bacteria for at least one radiotracer. By contrast, PnecC bacteria increased in numbers by approximately onethird and featured significantly higher proportions of thymidine and glucose incorporating cells at the end of the incubation period.
Discussion
The selected environment provided an ideal natural system for investigating ecophysiological properties of three cosmopolitan betaproteobacterial lineages in the context of a changing habitat.
Relevance of Betaproteobacteria in the study system
This is the first report on the in situ abundances of bacteria from two P. necessarius lineages and of microbes related to the R-BT cluster from the southern hemisphere. The three groups reached high cell numbers (> 10 5 ml -1
), and together they constituted 40-50% of Betaproteobacteria (Fig. 1) . All three studied groups tended to be more abundant in the Chafalote than in the main body of the lagoon.
Bacteria affiliated with the R-BT cluster (targeted by the R-BT065 probe) have been detected in a range of different freshwater systems across Central and Northern Europe (Zwart et al., 2003; Simek et al., 2005; Warnecke et al., 2005) . These bacteria may account for a substantial proportion of the pelagic microbial communities in some freshwater systems (Simek et al., 2005; Salcher et al., 2008) , but the scarce information about their in situ abundances in different habitat types still limits our understanding of the factors that determine their occurrence.
Bacteria from the freshwater Beta II lineage, i.e. cells hybridized with the probe BET2-870 (which targets Polynucleobacter and closely related sequence-types) could be exclusively assigned to two lineages of Polynucleobacter PnecB and PnecC (data not shown). Members of the various P. necessarius clades are common in a range of freshwater environments with different limnochemical properties (Burkert et al., 2003; Hahn et al., 2005b; Wu and Hahn, 2006) . Cells related to the species-like PnecC lineage exhibited sixfold higher abundances in the Chafalote compartment (Fig. 1) . The most obvious physicochemical differences between the compartments are the high humic content of the Chafalote and the high content of suspended solids in the main body of the lagoon (Table 1) . It has been suggested that pH and temperature might be the main factors explaining the contrasting abundances of PnecB and PnecC populations in various freshwater habitats (Wu and Hahn, 2006) . Our data suggest that other parameters, in particular the concentration of humic substances and salinity (i.e. conductivity), might also play a role in the respective success of these two groups.
Contribution of populations to active Betaproteobacteria
The three studied subpopulations accounted for the large majority of Betaproteobacteria with visible incorporation of three of the tracers in the Chafalote compartment, but they contributed substantially less to MAR-positive betaproteobacterial cells in the main body of the lagoon (Fig. 4) . Moreover, the proportion of MAR-positive cells in the three populations (mean of all tracers) was higher than the community average (Table 2 ). This was most pronounced for leucine and thymidine, indicating that the three groups were key players in both compartments of the study system in terms of cell growth and biomass production.
Contrasting physiological state of metapopulations
In view of the rapid water transfer between the two sampling points, it can be assumed that the three studied populations were replaced daily at the sampling station in the main body of the lagoon by influx from the Chafalote. Therefore, it is likely that the comparative MAR-FISH analysis with the four substrates revealed specific alterations in the respective physiological state of each population that were induced by this transition (Fig. 3) . It is conceivable that this might be a direct consequence of differential gene expression in response to changes in growth conditions such as nutrient availability, osmolarity, temperature, and interactions with other microorganisms (Cases and de Lorenzo, 2001) .
Cells affiliated to the R-BT cluster showed small changes both of cell abundances and of several metabolic processes, and protein synthesis in this population even appeared to be enhanced after transfer to the lagoon. By contrast, members of the PnecB lineage showed only slightly lower abundances but were generally less active, i.e. a pronouncedly lower uptake of several tracers. This group exhibited a similar pattern of tracer uptake in both compartments, but all incorporation processes appeared to be reduced in the main body of the lagoon, with carbon metabolism being most strongly affected. Finally, bacteria affiliated to PnecC were clearly less in numbers and displayed significantly lower numbers of cells with visible DNA synthesis and carbon metabolism while maintaining similar levels of protein synthesis. Most strikingly, the proportion of NAG incorporating cells in this population was substantially higher, suggesting a metabolic rearrangement of substrate utilization patterns in order to exploit a major carbon source mainly available in that habitat. The enhanced utilization of NAG could moreover hint at the potential for a facultative anaerobic metabolism in these bacteria (Riemann and Azam, 2002) . Members of PnecC were particularly active in amino acid uptake in the sub-and anoxic layers of a mesotrophic lake (Salcher et al., 2008) . Our findings thus point to a differential response of the studied groups to changes in the environmental conditions, which in turn may reflect different life strategies.
Generalists versus specialists?
Interestingly, populations PnecC and R-BT seemed to follow a somewhat similar growth pattern and the abundances of R-BT and PnecC bacteria in the Chafalote compartment and their respective proportions of MARpositive cells were statistically indistinguishable for all the tracers (Figs 1 and 3) . Members of the R-BT clade have been observed to rapidly respond to changes in growth conditions (Simek et al., 2005) . Our short-term incubation experiment (Fig. S2) suggests that this was also the case for the PnecC population from the Chafalote. Bacteria from this lineage have also been rapidly enriched in dilution cultures with unamended water from the humic lake Fuchskuhle (Burkert et al., 2003) .
However, there were also clear differences between the two lineages. R-BT was significantly less affected by the transition between the two environments both in abundance and activity (Fig. 5 ). This may indicate that the members of this group are capable of adapting to a wider range of physicochemical conditions. Bacteria from the R-BT cluster exhibited high growth potential in a eutrophic reservoir (Simek et al., 2005) , where they were particularly active in leucine uptake (Hornak et al., 2006) . High proportions of these bacteria could incorporate amino acids in a mesotrophic lake irrespective of the season (Salcher et al., 2008) .
By contrast, PnecC cells in our study exhibited the most pronounced decrease in abundance and in the proportion of MAR-positive cells in the main body of the lagoon (Figs 1 and 3) , indicating that this group might thrive particularly well under humic conditions (as also indicated by our incubation experiment, Fig. S2 ). Hahn and co-workers reported that the Polynucleobacter community of a humic pond was exclusively composed by members of PnecC (Hahn et al., 2005b) . Moreover, PnecC bacteria might have a preference for particular substrates. This is suggested by the low proportions of glucose and leucine incorporating PnecC cells in the Chafalote compartment and the enhanced uptake of NAG by these bacteria in the main body of the lagoon (Fig. 3) . In summary, the so far performed studies suggest that members of the R-BT cluster (Hornak et al., 2006; Salcher et al., 2008;  this study) exhibit a growth pattern typical for generalists, whereas Polynucleobacter spp. appear to be particularly active under a more restricted set of environmental conditions, e.g. in humic habitats (Hahn et al., 2005a; this study) or at low ambient oxygen concentrations (Salcher et al., 2008) . However, these conclusions should be regarded with caution, because the FISH probe R-BT065 still targets a relatively large set of sequence types.
Concluding remarks
The finding of differently sized subpopulations that incorporated the various tracers within a single specieslike population (e.g. PnecC) opens up the question whether in natural microbial populations there is one active 'core subpopulation' with different uptake rates for different tracers, or whether there is physiological variability within populations as previously observed for pure cultures (Rainey and Travisano, 1998) . In the future, this might be addressed by combination of fluorescence activity tracers with MAR or NanoSIMS (Behrens et al., 2008) .
Experimental procedures
Study sites and sampling
Castillos lagoon (34°15′S-53°41′W) is the largest of the choked coastal lagoons of Uruguay (c. 90 km 2 ). Due to its pristine condition it is listed as a site in the Ramsar Convention of Wetlands and as a UNESCO Man and Biosphere Reserve. It is a very shallow (average depth 1.3 m) brackish (conductivity range from 0.5 to 23 mS cm -1 ) system that is connected with the Atlantic Ocean through a 10 km stream (Fig. S1 ). The major freshwater input is the Chafalote stream which drains most of the 925 km 2 catchment of the lagoon. This stream discharges indirectly into the lagoon through the Chafalote marsh, which is a wind-protected compartment characterized by its low turbidity and by the high input of humic matter from littoral marshes of submerged and emergent macrophytes (Jorcin, 1999) . In contrast, the main body of the lagoon is exposed to south-eastern winds, which cause re-suspension of the sediment and consequently high turbidity. These two tightly connected compartments also exhibit differences in other abiotic parameters such as conductivity and nutrient concentrations, whereas pH and temperature do not variate between them (D. Conde, unpubl. data). Under normal conditions the residence time of the lagoon is in the range of 40 days, and the estimated input from the Chafalote stream is 8-10 m 3 s -1 . From the surface area and the average depth of the mixing zone a total volume of water of 1-1.5 ¥ 10 6 m 3 can be approximated. This results in an estimated water exchange period of 1-2 days between the sampling points. More detailed information on the lagoon is found elsewhere (Jorcin, 1999; Pérez et al., 1999; Bonilla et al., 2006) .
In November 2004, water samples were taken from both compartments. Total and organic suspended solids were analysed gravimetrically (Eaton et al., 2005) . Samples were also analysed for ammonium (Koroleff, 1976) , nitrite (Strickland and Parsons, 1972) , nitrate and total nitrogen (Eaton et al., 2005) (Valderrama, 1981) , soluble reactive phosphorus (Murphy and Riley, 1962) , total phosphorus (Valderrama, 1981) and reactive silicate (Mullin and Riley, 1955) . The content of CDOM was estimated through optical water characteristics such as spectral absorptivity (a) and fluorescence (F) (Green and Blough, 1994; Ferrari and Dowell, 1998) . Samples for the determination of the abundance of different bacterial populations by FISH were immediately fixed with freshly prepared buffered paraformaldehyde solution (PFA) at a final concentration of 1%. Portions of 1-5 ml were then filtered through polycarbonate filters (type GTTP, pore size, 0.2 mm, diameter 47 mm, Millipore, Eschborn, Germany).
The filters were rinsed twice with sterile water and stored at -20°C until further analysis.
Bulk measurements of substrate incorporation
Incubations with either tritiated thymidine, leucine, NAG or glucose were performed within 1 h after sample collection. For every treatment type, triplicate 10 ml subsamples were incubated plus one control sample consisting in lagoon water fixed with PFA. -1 ) were added to a final concentration of 10 nM. The incubations were run for 2 h in the dark at ambient water temperature (21°C). Subsequently, PFA was added to the samples to a final concentration of 1%.
Samples were then filtered onto cellulose mixed esters filters (type GSWP, pore size, 0.2 mm, diameter 25 mm, Millipore) and rinsed twice with ice-cold trichloroacetic acid and ethanol, as described by Kirchman (2001) . Incorporation of radioactivity into bacterial biomass was measured in a Beckman LS5000TD liquid scintillation counter (Beckman, Fullerton, CA, USA). Measurements were corrected for quenching (internal standard method) and by subtraction of counts from the prefixed controls.
Substrate incorporation by specific bacterial populations
In order to assess substrate incorporation patterns by specific populations, additional triplicate incubations of 10 ml subsamples with radiolabelled substrates were performed as described above. In addition, an experiment was performed to assess the effects of short-term incubation on substrate incorporation patterns: Water from Chafalote was placed into sterile 300 ml bottles for two additional hours at in situ water temperature. The subsequent incubations with radiotracers (thymidine, leucine and glucose) in triplicate 10 ml subsamples were again carried out as described above. After fixation all samples were filtered through polycarbonate filters (type GTTP, pore size, 0.2 mm, diameter 25 mm, Millipore). The filters were rinsed twice with sterile phosphate-buffered saline and stored at -20°C until further analysis.
To study the substrate uptake by specific groups of Betaproteobacteria, we combined MAR and FISH as described previously (Alonso and Pernthaler, 2005) . Triplicates samples of every treatment type were evaluated for each population, thus 132 filter pieces were analysed in total. FISH was combined with catalysed reporter deposition in order to improve signal strength (Pernthaler et al., 2002) . The following horseradish peroxidase labelled FISH probes were applied (all purchased from Biomers, Ulm, Germany): BET42a (most Betaproteobacteria (Amann et al., 1995) , R-BT065 (R-BT subcluster of the Rhodoferax sp. BAL47 lineage) (Simek et al., 2001b) , PnecB-23S-166 (Polynucleobacter subcluster B) (Wu and Hahn, 2006) and PnecC-16S-445 (Polynucleobacter subcluster C) (Hahn et al., 2005b) . Tyramides custom labelled with the fluorescent dye Alexa 488 (Molecular Probes, Leiden, the Netherlands) were used for signal amplification.
b-proteobacterial activity pattern in a coastal lagoon 7 Different MAR exposure times (range: 4 h to 3 days) were tested to produce a maximum number of cells with silver grains (Alonso and Pernthaler, 2005) . Optimal exposure time was 8 h for incubations with tritiated thymidine, leucine and glucose, and 24 h for incubations with tritiated NAG. All photochemicals were purchased from Kodak (Eastman Kodak, Rochester, NY, USA): autoradiography emulsion (type NTB-2), developer (type Dektol) and fixer. The development of the exposed slides followed the instructions of the manufacturer (2 min of development, 10 s rinsing with distilled water, 5 min in fixer, followed by 5 min washing with distilled water).
Evaluation of FISH and MAR-FISH samples
FISH and MAR-FISH preparations were embedded on microscopic slides in a previously described mounting medium containing 4,6-diamidino-2-phenylindole (DAPI, final concentration, 1 mg ml -1 ) (Pernthaler et al., 2002) . Evaluation was carried out following the strategy outlined in Pernthaler and colleagues (2003) and Alonso and Pernthaler (2005) on a motorized microscopic system consisting of an epifluorescence microscope (AxioImager.Z1, Zeiss, Germany), a CCD Camera (Zeiss AxioCam MRm) and a motorized stage for eight microscopic slides (Zeiss WSB Piezodrive 05). Images were acquired using a 63¥ 'PlanApochromat' objective and the Zeiss filter sets 01 (DAPI) and 10 (Alexa 488). The microscope was linked to a personal computer with the image analysis software AxioVision 4.6 (Zeiss). Automation was achieved using the Visual Basic for Application module of AxioVision and comprised automated sample recognition and localization, multichannel image acquisition, image processing and cell counting routines for both FISH and MAR-FISH preparations (M. Zeder, unpubl. data) . A manual verification of the results of automated counting in a subset of preparations was assisted by the free counting software 'ClickCounter' (http:// www.kingdoms.ch).
Statistical analysis
The following hypotheses were addressed by statistical testing, using multivariate analysis of variance (MANOVA): (i) the three populations significantly differed in their incorporation of a particular substrate and this difference was influenced by the habitat; and (ii) there were differences in substrate incorporation within each population between the habitats. All percentages were arcsine transformed prior to MANOVA analyses in order to obtain normal distribution of variance (Kolmogorov-Smirnoff 1-sample test). In addition, a non-parametric one-way Kruskal-Wallis ANOVA was used to test for differences in the abundances of the studied populations between compartments. All statistical analyses were performed with SPSS v13 (SPSS, Chicago, IL, USA).
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